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Neutrons For Science (NFS) @ SPIRAL-2
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Physics with SPIRAL-2

5. Fusion de noyaux stables haute intensité

Recherche des siiner-loiirds

4. Fusion de noyaux exotiques :

Noyaux lourds riches en neutrons ol
Ex: 134Sn o, 48Ca >

182Yb

3. Fusion de noyaux stables :
Faisceaux de noyaux
riches en proton
Ex: 100 199Sn / s.

6. Fusion de

noyaux exotiques :

S

\

Transfermiums riches
en neutrons, EXx :

276108

1. Fission de I’'Uranium :

Nombre de Proton s Z

Norrvlbre de Neutrons,N

lourds riches en neutrons .
Ex: >1011132gn / s,

Faisceaux de Noyaux exotique

\

2. Réactions avec des noyaux |légers:
Faisceaux de noyaux exotiques
légers
9Be(n,a1)BHe ~ 101" pps
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&) Layout of SPIRAL-2

CIME Cyclotron

'DESIR | F<z 4 Acceleration of RI Beams
- E < 25 MeV/n, 6-8 MeV/n
| (LIRAT) A for FF

Production building | Sy Heavy-Ion ECR
C converter+UCx A e =S source (A/q=3)
target ' ImA

< 1014 fissions/s " R

Super conducting LINAC
reas
40MeV d - BmA -14MeV/n HI
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093 ~2012(?) ~2014(?)
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(20 NFSat SPIRAL-2 Important Events

2004 International Workshop on Neutrons for Science (NFS) at SPIRAL-2, GANIL, Caen, France; 13-
14 December 2004; organized by D. Ridikas (CEA) and M. Heil (FZK)

2005 D. Ridikas et. al, “Neutrons for Science (NfS) at SPIRAL-2: Physics case”, Internal report
DAPNIA 05-30,CEA Saclay, France (2005)

2006 A. Plompen, “ND Needs for Nuclear Energy (fission) and Possible Contributions of SPIRALZ2”
U. Fischer, “ND needs for Fusion technology and possible contribution by SPIRALZ2”
15" Colloque GANIL, Giens, France (2006)

2006 Lol for SPIRAL-2, coordinators X. Ledoux (CEA) and S. Simakov (FZK)

2007 NFS — FP7 project within “Preparatory Phase for SPIRAL-2"; coordination by X. Ledoux (CEA)
Physics Experiments
Neutron production targets
Beam collimation system
Beam monitoring system
Data acquisition system
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S0 NFS

Use of the beams delivered by the LINAG to create a neutron facility with two components :

Pulsed Neutron beam

Irradiation station

Characteristics of the LINAG primary beams:
- deuteron 40 MeV
- proton 33 MeV
- | = 5 MA
- Pulsed beam F,=88 MHz T=11ns
- Burst width = 200 ps
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e General Physics Case

Reactions with fast neutron induced reactions are of first importance in the following topics :
« New generation (Gen. |V) fast reactors

«  Fusion technology, test bench for IFMIF

«  Studies related to hybrid reactors (ADS)

« Validation of codes and data libraries

*  Nuclear medicine

«  Development and characterization of new detectors

» Irradiation of chips and electronics structures used in space

. Production of radioactive targets
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&) Neutron spectra accessible at NFS

[y
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—
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Continuous spectrum :
C(d,n) or Be(d,n)
Emnax = 40 MeV
<E> =14 MeV

thick converter (1cm) = TR T T o N

(1975)VO| 20 n02’ p235 ISR SOOI fermereeee ........................... e

0 5 10 15 20 25 30 35 40
—>Similar to IFMIF spectrum Energy (MeV)
{}25 1 v T T ~ T T L L T T L T T T 1

Yield (n.em™.s7 . uC? . MeV™)

Quasi-monoenergetic beam : . -
“Li(p,n)’Be Q=-1.64 MeV =
Thin converter (1-3 mm) o 010 |
E,=3-33 MeV ~
E, = E, —2 MeV s
0.00 '

Schumacher et al.,NIMA421 (1999) p2843
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2] NFS Facility

Experimental Hall

Converter cave - beam lines

- clearing magnet

- beam dump

- Irradiation stations
neutron, proton and deuteron
activation measurement

0° high energy
30° (optional)
- size (LUI) = (30m [ 6m)
time-of-flight measurement

experimental set-up position

v .:.:.:.:.:.:.:. llllllllllllllllllllllllllllllllllllllllllllllllllllllll
Targetloader1:  Targetbader2: — Ercrooolh
PD activation C ,Be Litarget W/ 30" neuirons
\ | Clearing ﬁ Detector(s)
magnet T OO
= — r— .
oy P
Beam LTI pewtrons Experimental room
pipe Frrr p
C Beam dwmp : __ SCEoLD
5 KWaitt [T DT OO T OO T T T T
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Beam repetition rate

Requirement: differentiation of 2 neutrons with the ToF t and t+T

%) Rl A S I O W B R
: =,
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2 =
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T nag =11 NS

o
=
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5 10 15 20 25 30 35 40

10 10°
Time-of-flight (ns)
9
% The beam must be divided by a factor N :
£ - a burst selector : one burst over N
= - | = lpax / N, with 1., =5mA
2
L(m) Etn (MeV) T(“S) N Imax(“A)
5 0.1 1 100 50
30 0.1 6 600 8
30 4 1 100 50

Time-of-flight (ns)
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¢

AE/E (fwhm %)

Energy resolution

The neutron energy is measured by time-of-flight technique

L

t

L

: : : : : . . : . — = +1
~---L=30m At=8ns E 7+

-
Clan
-

S |4
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S R e N G S At : Full time resolution :
:_“',.' _______ e ___________ Beam ~ 1 ns

," TN T O T Detector
T At =~ 1 ns scintillator

?T-rﬂ_i’l.l‘l_lhlj.lllilIIIiJIIlj.'.llé.llllilllllé.ll.'. At: 8nSHPGe

S 10 15 20 25 30 35 40 45 50
Energy (MeV)

< ok [\ (¥ = i =) ~l
i o

Fast detector : high resolution measurement
Slow detector : AE/E < 5% for L=30 m
Good resolution measurements require :

- A unique burst selector
- Burst duration on converter < 1ns (buncher might be needed)
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(&) Comparison with other neutron beam facilities

—

% - NFsiL=5m I=§50uA AN
Spiral-2 S’ 107 _—NFSL=30mI=8uA ..... _____________
............. high intensity = 40 MeVd+Be
high resolution E 106 JBMEEERE et
- - 36 MeV g +Li 47 ot
n TOF : CERN, 10° ¢ e
spallation, L=185 m, F=0.4Hz geGELNA
GELINA : Geel 103 L ToF __________________________ __________________________ T
Photonuclear, L=30m, F=800Hz |
10~ 0" 1 10
* E,: from 0.1 MeV to 40 MeV Fnerey (M)
* High flux [ | small samples, shorter experiments
{ coincident experiments
* Reduced y flash mmm) Complementary to the existing facilities

mmm) (.1-40 MeV energy region: fission + fusion
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&) Reactions and processes of interest

Fission Neutron multiplication

- (n,xn) reactions
- main isotopes

- Need of data for fast neutron for minor actinides
- Cross-sections

- Neutron, gamma multiplicity and spectra

- Fragment yields

- Delayed neutrons

- Fundamental physics

Charged particle production
- gas production H,He
- Radiation damage

Scattering
- Secondary neutron energy and angle
- Differential cross section, main isotopes

- Secondary reactions
- Inelastic scattering, main isotopes

- Composite particles ->no model works
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a8 Motivation: physics with nToF

d)

(n,n’) and (n,xn) reactions at energies from 0.1 to 35 MeV

ADS, GenlV reactors, fusion devices, security installations, ...

radiation shielding, damage rates, nuclear heat, ...

competition with (n,fiss), neutron multiplication, ...

optical models, level density, pre-equilibrium treatment, y-strength functions, ...
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=8 Motivation: physics with nToF

(n,n’) and (n,xn) reactions at energies from 0.1 to 35 MeV

w

Réaction *°®Pb(n,n’)

—— ENDF/B-VI
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=8 Motivation: physics with nToF

Cross Section (barns)

8] 5 10 15 20

(n,n’) and (n,xn) reactions at energies from 0.1 to 35 MeV

Cross Section [b]
|
rma
I

o
—
1

O o A B AL AL L BN R B
Filatenkowv |1:J:J:J. I
Lougheed (2001) —ea—
LANL Chemistry, C-INC
03 k ENDFB-V| —— |
- * Present ———

o

MNeutron Energy (vieV)
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0 Example on (n,n’) and (n,xn) reactions

- Detection of photons of excited states from (n,xn) reactions
- Pulsed neutrons beam
- HPGe detectors 8" —

E44.3

a(n,5ny)

191.349

378171

a(n,5ny)

129.065

<

184 823

o(n,5ny)

57.759

y 57 759

2+
o+ -‘H

232Th(n,Bn) 228Th

232Th(n,5ny) measured at Louvain-la-Neuve between 29 and 42 MeV

@NFS : - no gamma flash as at GELINA; 300 times more neutron flux
- 232Th(n,3ny) from 12 to 31 MeV (Th fuel cycle)
- (n,3n) and (n,4n) on Pb (ADS and fast reactors)
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0 Example on (n,n’) and (n,xn) reactions

e Important process for neutron energies E > 10 MeV

e Limited prediction power of models >

G (mb/sTiMeY)

-]
1]
-
1]
g L
3

F

DD x-section measurements for (n,xn)
reactions in coincidence with neutron

multiplicity
CARMEN
> Q@
NFS
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a8 Why at SPIRAL2?

f)

(n,n’) and (n,xn) reactions at energies from 0.1 to 35 MeV

If 20 m flight path = energy resolution better than 10 %o

100 h run with 100 times smaller mass €= at Gelinain a 1000 h run!

Systematic studies on isotopic chains with samples of 0.5 g

No/little gamma flash, negligible attenuation corrections

Segmented Ge detectors - radioactive targets of even smaller samples!

Future experiments: Si, Fe/Ni, Zr/Mo, W, Pb, Th/U
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a8 Motivation: physics with nToF

(n,fiss) reactions at energies from 0.1 to 35 MeV

ADS, GenlV reactors, nuclear waste transmutation

Np, Am & Cm being major nuclei of interest; also U/Th fuel cycle chain

Competition with (n,xn), charged particle emission, evaporation, ...

Systematic of fission barriers, transition state level densities, ...

Systematic of fission fragment distributions in the wide excitation energy range
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1.6

1.4

1.2

Motivation: physics with nToF

(n,fiss) x-sections at energies from 0.1 to 35 MeV

B ENDF/B-VI

MYRRHA-BriX Workshop, SCK-CEN Mol, Belgium; 7-8 April 2008

—
- — -JENDL-3.3 233Pa( ,fISS)
= e von Gunten et al. -
o M. Petit **Th(*He,pf)**'Pa
= =  This work _ =" -
i 243 i
Am(n,fiss
3 L | T T AL L L | T T LA L AL L |
Kanda, 1987  + i
L Fomushkin, 1984
Fomushkin, 1967 (a)  x
25 + Fomushkin, 1967 (b) ©
B Adamov, 1983
Knitter, 1988
Butler, 1961
| 2 - Fursov, 1985
5 Seeger, 1970
< Ya, 1999
2 Behrens, 1981
g 15F Goverdovsky, 1985 :
0 @ Laptev, 2004
2 Younes, 2004 (surrogate)
S ENDF/B-VI
c Tr JENDL-3.3
2 |
(TR
05 -
0
-0.5 L i L
0.01 0.1 1 10

Neutron Energy (MeV)

Contact: ridikas@cea.fr, CEA Saclay



(=20 Example of (n,fission) on 2’Np and 241243Am

Fission-fragments

scattered
Protons
P
Neutron \ WA |
beam - T
Polypropylene AE - E
(1%_'—5“{))"”,“ Si Telescope

Flux monitoring

E,(MeV) Fission rate(s™) Fission rate(s 1)
NFS at 5m n-TOF@CERN at 20m
1 0.18 -
5 0.37 8.24 10°
10 1.42 4.7410°
@NFS : - extremely intensive neutron flux 20 1.36 2.33 10

- small samples of actinides required
- systematic measurements from threshold to 35 MeV
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=8 Why at SPIRAL2?

A.2 - (n,fiss) reactions at energies from 0.1 to 35 MeV

a) With 5 m flight path energy resolution better than 10 %o

b) 100 h run would give 3 %6 statistics in 0.1 MeV energy bins

c) Systematic studies on isotopic chains with samples of <1 mg !

d) Future experiments:

230,232Th’ 231pa’ 233,234,235,236,238U’ 236,237Np’ 239,240,241,242,244'3“’ 243Am’ 245,246,247,248Cm

and B-emitters 233Pa and 241Pu

> Full excitation curve at the same installation!
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S0

Decay Heat (W)

Motivation: physics with nToF

Studies of fission fragments

Repartition of decay heat of spent MOX fuel

1600 .
- — Total Decay Heat
1200+ i
800~ i
-Activation
400 Products I 1
- 1 --L_ Fission Products
0 I . e Actgnlaze}, _____________________________
0 200 400 600

Cooling time (days)

Decay type: a- 1%, B-52 %, y-47 %

Fundamental data needs:

a)
b)

fission yields of different actinides
decay data (half-lives, branching ratios, energy spectra of decay particles, etc.) of fission products

Decay Heat t*f(t) (MeV/fission

Major fission products studied:

Rb, Sr, Y, Cs, Ba, La, Ce, Pr,
Nd, Pm, Sm and Eu

Influence of new measurements:
* mean energies of decay y
» half-lives and branching ratios

% ¥ Tobias
* (s _JEFF3.1

. T

[wm JEFF3.1 + Rudstam
[=——JEFF3.1 + TAGS

Y

i
f

“ %k kx

N

N

T T — T T T T — T T T T
10.0 100.0 1000.0

Time After Fission Burst (s)

10000.0
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esd Delayed neutron yields and time spectra for MAs

Strong decrease of DN yields with actinide mass!

AZ B = v4/04
232 .
Th |00203 Besr: PWR versus Fast Reactor with MAs
28U ] 0.0026 ~600pcm € > ~200-300pcm
2/U 0.0064 Constraints on the reactor control!
238 0.0148
0.1
239Py | 0.0020 o 009 232Th _;525351
21py | 0.0054 S om % Msers (1999
241 Am 0.0013 L.% 0.7 ; ?&Tﬁ&iﬁ?ﬁ»
5 0.06 I
23Am | 0.0024 8
o) 0.05+
22Cm | 0.0004 D om
- 0.03+ i
Z e
O o.02f ¥
0.015}
Fundamental data needs: Sy S S S TN T EN TN N TR
a) fission yields of Minor Actinides Y(A,Z) En, MeV

b)  decay data (half-lives, branching ratios, etc.) of fission products
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Goal: permanent installation of STEFF@NFS
&0 both for fundamental & application oriented research

MANCHESTER : -
1824 STEFF — SpecTrometer for Exotic Fission Fragments
29
5 & Target chamber & Electrostatic mirror &
gé 12 photon detectors MWPC assembly Soiiice LEnBLot
D s container
=
S
e

Electrostatic mirror &
MWPC assembly

Bragg Spectrometer

Bragg Spectrometer

Prompt gamma-ray spectroscopy of exotic n-rich nuclei
Delayed gamma-ray spectroscopy (nanosecond isomeric states) - From low-energy fission
Isotopic & mass yields

Gamma-ray multiplicity and as a function of

Prompt neutron multiplicity excitation energy !
MYRRHA-BriX Workshop, SCK-CEN Mol, Belgium; 7-8 April 2008




eSS Motivation: activation-irradiation

Two irradiation stations can be installed in the converter cave :

N’an_ I=.50 yA
- Neutron induced reactions § f:§ D=0.05m
The sample is put very close of the converter E . / §Q
White source <E> = 14 MeV g 10 : 57 40 MeV d + Be '
®>5.10""n/s/cm? for 13=50 pA s 33MeVd | Be (‘
Quasi-monoenergetic (Li converter on carbon back-up) ;10| \
- Proton and Deuteron induced reactions i /‘"’ ‘““‘\/\/
10° =Y 36 MeVp+Li
. 5 10 15 20 25 30 35 40
— Cross-section measurement : -
nergy (MeV)

- Counting room for off-line activity measurement
- Detectors for flux monitoring

Imax limited to 50 pA
- Low power deposition on converter < 2 kW

- Reduced activation -« easy » sample manipulation
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Motivation: activation-irradiation

S0

10° . . . : —
. . . 186 182m ]
IFMIF : material testing for fusion technology W(n,not) " HI S
, g 10°
neutrons produced by 40 MeV d + Li S [ TEAF-2001 '
10'| e,
- p-D,0O spectrum =
100? T
10_1:_ EAF-2005 ]
—H—‘ d-Li spectrum 47
10” ' i ' ' '
_ _ 0 10 20 30 40 50
Neutron, proton and deuteron induced reactions Neutron Energy, MeV
10° T T
: ﬁ\ “Nb(d,2n)”"Mo
Data scarce or not existing < ( EAF-2005.1
. . ::“ 10_ E
Large discrepancies between data base g ]
Q T
A o '
n [
§ 1 0-2 i :‘ = Ditroy'00
SER: N
Material to be studied for IFMIF : . R -
Al, Fe, Cr, Cu, Nb cavities & beam transport elements P EN S U U DU AU S S B
0 5 10 15 20 25 30 35 40 45

Be, C, O, N, Na, K, S, Ca, Fe, Cr, Ni Li loop
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e Last progress at NFS...

1) Doses calculated for 100 uA d + Be (1 cm)

1 10% 107 102 10% 107 10° 10% 10

Neutron Dose [microSwvlh]

2) List of actinide targets provided
3) Activation of the targets, beam dump and air has been performed
4) Tritium production rates were estimated
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Summary

S0

Neutron beam facility
White and quasi-monoenergetic spectra
Very high flux in the 1-40 MeV range and good energy resolution
Complementary to the existing n-ToF facilities
Both fission & fusion related research

Irradiation facility
Neutrons: white and quasi-monoenergetic spectra
Protons & deuterons
Cross-section measurement by activation technique

Test bench for IFMIF
high power accelerator (40 MeV deuterons)
similar target materials
similar neutron energy spectra
similar challenges

NFS is “well advanced” compared to RIB production station
Maximum Intensity limited to 50 pA (2kW) >« simple converter design »
Could start as soon as the LINAG is ready = ~2012
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Neutrons For Science (NFS) at SPIRAL-2

X. Ledoux", M. Aiche?, G. Ban®, G. Barreau?, P. Baumann®, P. Bem®), E. Berthoumieux®, V. Blideanu®, J. Blomgren”), S.
Czajkowski?, P. Dessagne, D. Doré ©, E. Dupont®, T. Ethvignot", U. Fischer®, F. Gunsing®, B. Jacquot”, B. Jurado? ,
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e

Sensitivity to nuclear data: Pu+tMA

with JEFF3.1 [%]

Difference

ADS example: He-EFIT core calculations

Library

He-EFIT core

Neutron

Keff multiplication
JEFF3.1 (Reference) 0.97606+0.00179 42
JENDL-3.3 0.94952+0.00137 20
ENDEF/B-VII 0.95615+0.00154 23
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(=) | Plug system at SPIRAL-2 (if full power is used)

Proposal B: material irradiations for fusion applications (e.¢.. ITER)

Target-converter

T~

o d-beam

d-beam

Irradiation zone
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Neutron flux spectra: IFMIF/fusion/fission

10" ¢
i — ITER first wall
10° —— |FMIF high flux test module | ]
s N —— HFR Petten
105 i-‘_'z-..rﬂ ] |
] also SPIRAL-2 spectrum

104; i I /
10°} \\Fh\»\f \
102; l.l

Y

0,01 0,1 1 10 100
Neutron energy [MeV]

Neutron flux density [101°/cm2/MeV/s]

U. Fischer, Fast Neutron Physics Workshop, Dresden, 5-7 September, 2002

MYRRHA-BriX Workshop, SCK-CEN Mol, Belgium; 7-8 April 2008 Contact: ridikas@cea.fr, CEA Saclay



(=2 | Neutron flux characteristics at SPIRAL-2

1
i Neutron flux ns cm')
|

irradiation zone
{56F= at 50%)

Gem

C converter

(0.8 ¢m thick) ?

40MeV d-beam
(= 4.00 or 2.83¢cm) !

Beam axis (cm)

; 00 05 10 15 20 25 30

- Representative energy spectrum Radius rem

° . 13 2
. g:l:rfgore] :Lut)és >>2>;10 a/fn/( s cm?) « CEA Cadarache, DSM/DRFC
J -~ 2apantpy - CEA Saclay, DEN/DMN/SRMA
* Useful volume: ~10 cm? - IEMIF collaboration, EURATOM
* Variable temperature: 500-1000°C ’
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He generation (appm/year)

Motivation: activation-irradiation

B.1 - fusion related research

appm: atomic parts per million

MYRRHA-BriX Workshop, SCK-CEN Mol, Belgium; 7-8 April 2008

Maximal Neutron flux | Damage rate | He - prod. H - prod. Nuclear heat
values (nstem™) | (dpalfpy) | (appm/fpy) | (appm/fpy) | (W/em’)
SPIRAL-2 1.1 x 1014 7 95 378 3
ITER-? 4.0 x 10% 12 140 540 12
IFMIF SPIRAL-2 -
Proton .. . .. .-
.., | spallation 1. similar irradiation conditions as ITER
- 2. variable temperatures available
3. irradiations of miniaturized samples
200| ToER Fusion 4. qualification of dedicated modeling tools
5. test bench for IFMIF ™ e 1
| Fission ‘
...,.--"""r Tensile [l |
0 0 =1 gy Fatigue [l !
Displacement damage (dpa/year) o D
dpa: displacement per atom i e I

Charpy / dynamic
fracture toughness
1em
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eSS Motivation: activation-irradiation

B.3 = fission related research

| Pyrolytic Carbon
|~ Ssilicon Carbide TRISO Coating
~ Porous Carbon Buffer

attractive features of GT-MHR

N
- ———  Piutonium Oxide (Pud, ;)

* high conversion efficiency ~45%
e coated TRISO fuel

* high burn-up rates ~90% for 23°Pu
* He cooled, high temperature

A

3 < 3
> < >

Core: 8m ) Fuel block: 36cm’ Fuel pin: 2mm TRISO: 310um ’

A
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eSS Motivation: activation-irradiation

detector testing

CVD Diamond Detector Schematic

SMA Connector
— 1. Calibration is urgently needed

2. Knowledge of (n,chp) reactions is poor
M\ Bias+Signal 3. Desired fluence in 1 hour!
.\ W S
|| Expenmental Data

— Al or Au Metallization

Al Housing

Cmes Sachon (hams)
o
i
e
L .
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+
_'_—i-
= =il
-

Incicent Energy (MeV)
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QS Motivation: activation-irradiation

Astrophysics applications

Preparation of radioactive samples

 Use of (n,p), (n,alpha), (n,2n) reactions
« irradiation for a few weeks = 10!7 atoms created
e e.g., production of 3Kr via 3°Rb(n,p) or ¥Sr(n,alpha)

Material damage: gas production

Production of H, D, T, 3He, *He with high energy neutrons:
C, Si, Al, Fe, Ni, Zr, W as targets
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